The residuals of 27 globally distributed long tide gauge records were scrutinized after removing the globally compounding effect of the periodic lunar node tides and almost periodic solar radiation's sub and superharmonics from the tide gauge data. The spectral analysis of the residuals revealed additional unmodeled periodicities at decadal scales, 19 of which are within the close range of 12-14 years, at 27 tide gauge stations. The amplitudes of the periodicities were subsequently estimated for the spectrally detected periods and they were found to be statistically significant (p «0.05) for 18 out of 27 globally distributed tide gauge stations. It was shown that the estimated amplitudes at different localities may have biased the outcome of all the previous studies based on tide gauge or satellite altimetry data that did not account for these periodicities, within the range −0.5 -0.5 mm/yr., acting as another confounder in detecting 21 st century sea level rise.
Introduction
It is difficult to address the climate change problem without evidence provided by sea level trends and accelerations (Church et al. 2013 , Cazenave et al., 2014 . Yet, sea level variations are driven by various effects and are very noisy due to seasonal, interannual, decadal, and longer variations of ocean surface (Cazenave and Remy, 2011) . Detection and modelling of sea level variations at various scales are important in sea level studies, since they act as confounders in detecting recent sea level accelerations, and bias sea level trend estimates for shorter records.
Sea level fluctuations at different time scales are due to the natural forces such as temperature, wind and pressure, or ocean circulations or could be excited externally by astronomical forces. Decadal sea level variations, for instance, are multi-causal at global scale and they are usually recognized as a broadband process in the context of wind-induced decadal variability (Sturges and Hong, 2001) . The source of the decadal variability was also attributed to oceanic and atmospheric transport of multiyear El Nińo-Southern Oscillation (ENSO) signatures to the Polar Regions. The periodic component of the decadal sea level variations were reported in a number of studies in addition to their episodic components (Häkkinen 2000 , Ünal and Ghil 1995 , Jevrejeva et al. 2004 ).
More recently, work by Iz (2014) revealed that periodic lunar nodal tides and almost periodic solar radiation variations contribute not only to the longer periodic variations through their harmonic beating of nearby natural and/or forced broadband oscillations of the sea level at multi-decadal frequencies (subharmonics), but also extend down to the decadal time scales through their superharmonics.
Given the complexity of the underlying dynamics of the decadal sea level variations and periodicities in sea levels at local and regional scales, this study aims to systematically identify the decadal periodicities at global scale through the spectral analysis of the residuals calculated from the solutions of long spanning tide gauge records using new and improved harmonic models (Iz, 2014) . In addition, better detection and more accurate estimation of the amplitudes of the decadal periodicities is expected because the new statistical models used in this study also account for significant serial correlations in tide gauge data, which were not considered in earlier studies.
Following a brief description of the new harmonic model with long periodic variations and the new statistical model, the solution residuals (observed sea levelreconstructed sea level) from 27 globally distributed long tide gauge records were generated. Statistically significant decadal periodicities detected by the subsequent spectral analyses were incorporated into the harmonic model and a new set of solutions were carried out to estimate the amplitudes of the decadal periodicities in the subsequent section. Finally, it was demonstrated that the unmodeled decadal periodicities may have biased the earlier sea level trend estimates calculated from shorter tide gauge or satellite altimetry data.
2 The tide gauge data and its reconstruction using a harmonic model with autocorrelated disturbances ?Permanent Mean Sea Level (PSMSL) repository maintains a tide gauge database from over 1800 stations since 1933. PSMSL offers Metric and Revised Local Reference (RLR) data. The metric data is the raw data directly received from the authorities, whereas the RLR data contains monthly and annual mean sea level data referenced to a common datum (PSMSL, 2011) . In this study, monthly averaged RLR tide gauge records from 27 globally distributed stations listed on Table 1 , downloaded in April 2011, were used in order to conform to the earlier investigations by this author. Out of 27 stations with the tide gauge data longer than 80 years, 17 stations have records longer than a century. No corrections for the post glacial rebound were applied to neither data nor to the subsequent secular trend estimates discussed in the following sections. Hence all inferences refer to relative sea level changes.
Beside the secular trend and datum offset, some of the sea level oscillations are due to the coupling of external forces such as solar radiation (insolation), in tandem with other natural or forced sea level variations, due to mostly broadband internal ocean-atmosphere interactions, producing signatures at multi-decadal time scales (Iz, 2014) . Hence, variations in total solar radiation with a period of P = 11.1 yr., yield subharmonics with periods: 2×P = 22.2 yr. and longer and in relation to the regression of the lunar node, which completes its cycle in P =18.613 yr., to produce subharmonics with periods including: 2×P = 37.226 yr.; 3×P = 55.839 yr.; 5×P = 74.452 yr., and, its superharmonics with periods: P/2 = 9.306 yr.; P /3 = 6.204 yr.; . . . P/8 = 2.327 yr. (Table 2 ). The others include the annual, semiannual, and trimestral periodicities together with possible signature of Chandler wobble at sea level.
The statistical model for the observed sea level height, h t , that reflects these variations at an epoch t, is as follows:
with,
In this expression, h t0 is the height of the sea level at the initial (reference) epoch t 0 andḣ denotes the constant rate of change (velocity/trend) in the sea level. An observation at an epoch t is denoted by h t . The seventeen periodicities (P h , h = 1, . . . , 17) consist of eleven sub and superharmonics of node tides and those attributed to the solar radiation (Table 2) . Each period introduces two parameters, α h , h for the sine and cosine components from which the amplitudes a h , and the phase angles of the periodic terms are determined. In total, the harmonic model consists of 36 unknown parameters.
The random variable denoted by ε t ∼ (0, σ 2 ε ) represents the serially correlated (autocorrelated) random errors -known also as first order autoregressive process with variance σ 2 ε . The error at an epoch t is related to the error of the previous epoch through the Eq. (2). The unknown first order serial correlation coefficient ρ was shown to be positive and estimated in all tide gauge measurements by Iz et al., (2013) . The other random error component v t has an assumed zero expected value and it is independently distributed (white noise), i.e. v t ∼ (0, σ 2 v ) where σ 2 v is the variance of the white noise. It was shown that the correlation coefficients for the serial correlations (autocorrelations) are mostly within the range 0.3-0.4 having no impact on the estimated parameters (Iz et al., 2012 (Iz et al., , 2013 ). Yet, unaccounted positive serial correlations bias the solution statistics, such as the variance of the estimated parameters, adjusted R 2 statistics¹, and others by underestimating them, hence inducing false positives (Type II errors) in null-hypothesis testing of the model parameters (Neter et al. 1996) .
1 Adjusted R 2 statistics refers to the coefficient of determination; percentage of variation in the data explained by the model adjusted by the number of model parameters. 
Preliminary solutions and their residuals
The data from 27 tide gauge stations listed in Table 2 was used for the preliminary solutions. The Hildreth -Lu procedure² (Hildreth and Lu, 1960) , which accounts for the first order autocorrelations, was used to estimate the model parameters as well as the residuals,ε t , with the intent of using them in the spectral analysis discussed in the subsequent section. Modeling serially correlated random errors did not have any significant effect on the estimated model parameters as expected (Tautenburg, 1982, Section 2.2 ). Yet, the uncertainties of the station parameters were increased by up to 30 percent in some solutions. The variance inflation factors, VIFs, were also calculated in all solutions. The VIF values were less than 10 for almost all stations, except for a few, for which the parameters with high VIFs were removed from the subsequent solutions (see discussions about VIFs in Iz, 2014). The pvalues for all the estimated parameters were also calculated for all the stations in addition to the adjusted R 2 and F-statistics, which indicate that all the solutions have statistically significant predictive power well below a 5 percent significance level. Further discussions and implications of the statistically significant model parameters can be found in Iz, (2014). What is important for this study, however, is the by-product of the solutions, namely their residuals, Eq. (2). They are readily available for further analysis to investigate the presence of additional periodicities, which were undetected in the noisy and serially correlated tide gauge data and long periodic unmodeled sea level variations in earlier studies.
Note that the residuals of the preliminary harmonic solutions are different from the residuals of ordinary least squares solutions, which assume zero correlations among the observations. The structural differences in the statistical properties of the residuals, i.e. serial correlations estimated during the iterative solutions and their inclusion in calculating solution residuals, enabled discriminating new periodicities discussed in the following section.
Spectral analysis of the residuals
and the statistical significance of the new periodicities Figure 1 depicts the spectra of the residuals that were generated using Burg's algorithm (1967) . The removal of the long periodic effects of luni-solar origin revealed a multitude of additional distinct unmodeled periodicities as compared to the broad spectra of the raw tide gauge data (Fig 2. in Iz, 2014) . The spectra of the stations exhibited common periodicities, within the close range of 12-14 years for the majority of the tide gauge stations, in addition to a number of unmodeled periodicities at interannual scale. In order to assess the statistical significance of the periods revealed by the spectral analyses, a second set of solutions were carried out following the same steps described using the same harmonic model, Eq. (1), but this time, augmented with the periods of the decadal periods shown on the second column of Table 1 . The amplitudes of the new decadal periods were calculated for each station using the estimated coefficients of the sines and cosines of the decadal periods included in the model.
The third and fourth columns of Table 1 list the estimated amplitudes and their uncertainties calculated using uncertainties of the estimated coefficients by variance propagation. Note that all the model parameters are practically statistically independent, i.e. not correlated with other parameters, as revealed by the variance inflation factors, VIFs~1, computed during the iterative solutions. The corresponding p-values for the estimated amplitudes are tabulated on the fifth column of Table 1 .
The estimated amplitudes of the periodicities were found to be statistically significant (p-values «0.05) for 19 out of 27 stations. Out of 9 stations with p<0.05, eight are tide gauge stations located in Nordic (Scandinavian) countries, where sea level variations were proven to be complex in earlier studies (The BACC II, 2015) . The tabulated values on Table 1 show that statistically significant periods are not only consistent regionally throughout the globally distributed stations but that their amplitudes also do not vary markedly from station to station. Location constancy in amplitudes, especially in latitude, rules out the possibility of astronomical origin for the cause of the periodicities. On the other hand, the distinct spectral properties (peakedness) of the statistically significant periods in the frequency spectrum observed in this study suggest another physical process in effect in addition to the broadband behavior of the wind/pressure driven effects as suggested by Sturges and Hong, (2001) . This physical process deserves to be investigated in future studies.
Irrespective of the origin of the underlying cause of the periodic sea level variations, the decadal periodic sea level variations are statistically significant and globally distributed as demonstrated in this study. Decadal sea level variations may have important ramifications in assessing sea level trends and accelerations using shorter time series, such as data from the last two decades from tide gauge stations, as well as those from satellite altimetry. This is the topic of the following section. ) of the monthly averaged RLR tide gauge records from the 27 globally distributed stations analyzed in this study. The data used are the residuals of the harmonic model, Eq. (1). Spectral analyses were carried out for residuals using Burg's method (1967). Frequencies 0.001, 0.01, 0.02, 0.03, 0.04, and 0.05 cycle/mo. correspond to approximately 83, 8, 4, 3, 2 , and 1.7 year periods, respectively.
Impact of the Decadal Periodicities on Short Tide Gauge or Satellite Altimetry Time Series
The estimated amplitudes of the statistically significant periodicities detected in this study are small but not negligible. They may have biased the previous sea level rise velocity estimates from shorter records, such as satellite altimetry in the same region if they were not accounted for. They will also bias trend estimates in future solutions. This was also the case in a previous study by Iz (2014) involving statistically significant long periodic sea level variations due to the compounding of the external forces of luni-solar origins. The same approach will be deployed in this study to illustrate the effect of biasing in the analysis of trends using short time series (up to 20 years). Consider modeling records that span approximately twenty years (such as satellite altimetry time series or any tide gauge series of the same time span) using the following simplified model without loss of generality. Two sets of solutions are to be obtained from the following model: One using only the linear trend representation (first two terms) and, the second solution that reflects the reality and includes the periodic term with an amplitude A:
where t is the epoch of the observation (satellite altimetry or tide gauge), t refers to a reference epoch usually chosen in the middle of the series, h¯t is the height of the sea level att, andḣ t denotes the constant rate of change (trend/velocity) at sea level. The decadal periodicity, P, under consideration at a given station has an amplitude A with a phase angle φ, and e t is the random error at twith an expected value of zero. Let ∆ t represent an omitted periodic effect in the first solution, which is,
Following the derivation steps given in Iz (2006) for the unmodeled effects, it can be shown that the trend estimate,ĥ, from the satellite altimetry solution will be biased if E(∆) ≠ 0. The bias is computed using the following expression,
In this expression, the circumflex denotes the estimated velocity (trend) using the model with the omitted periodic term, where E is the expected value operator andt is the reference epoch chosen in the middle of the series for the 20-year tide gauge or satellite altimetry measurements. Tabulated values listed on the last four columns of Table 1 show the biases as a result of unaccounted decadal periodicities for time series that are 20 years long with monthly data intervals. In the calculations, the amplitudes and periods listed in Table 1 are used with different phase angles. These results show that biasing can be as large as 0.5 mm/yr. in magnitude if the decadal periodicities are not modeled. They are evidently not negligible.
Conclusion
This study offers compelling statistical evidence for distinct periodicities at decadal scale for globally distributed tide gauge station records in addition to the presence of lunar node tides and solar radiation variations induced by harmonic beating of nearby natural and/or forced broadband oscillations of the sea level at multi-decadal frequencies (Iz, 2014) . The study also offers robust estimates for the markedly consistent amplitudes of the spectrally detected decadal periods to be further investigated for their origins.
Aside from the magnitudes of the biasing the trend estimates from short records, the major issue is the confounding effect of unmodeled periodicities in search of sea level accelerations. Sea level changes caused by the unmodeled decadal periodicities revealed in this study can be mistakenly identified as sea level accelerations for shorter series. Their presence implicates that no claims can be made about recent sea level accelerations at local, regional, or global scale without first removing the contribution of the periodicities investigated in this study as well as the lunisolar periodicities reported in Iz, (2014) .
As a final note: sea level variations are still extremely noisy, despite the model improvements put forward here. The adjusted R 2 values of model solutions at different localities reveal that these models can only explain sea level variations within the 40-70 percent range, few reaching 90 percent. Further analysis of the new solution residuals calculated from the proposed improved model solutions in upcoming studies will offer new opportunities with improved reliability in search of an anthropogenic impact on sea level changes.
